An artificial charge pair buried in the hydrophobic core of staphylococcal nuclease was engineered by making the V23E and L36K substitutions. Buried individually, Glu-23 and Lys-36 both titrate with pK a values near 7. When buried together their pK a values appear to be normal. The ionizable moieties of the buried Glu-Lys pair are 2.6 Å apart. The interaction between them at pH 7 is worth 5 kcal/mol. Despite this strong interaction, the buried Glu-Lys pair destabilizes the protein significantly because the apparent Coulomb interaction is sufficient to offset the dehydration of only one of the two buried charges. Save for minor reorganization of dipoles and water penetration consistent with the relatively high dielectric constant reported by the buried ion pair, there is no evidence that the presence of two charges in the hydrophobic interior of the protein induces any significant structural reorganization. The successful engineering of an artificial ion pair in a highly hydrophobic environment suggests that buried Glu-Lys pairs in dehydrated environments can be charged and that it is possible to engineer charge clusters that loosely resemble catalytic sites in a scaffold protein with high thermodynamic stability, without the need for specialized structural adaptations.
An artificial charge pair buried in the hydrophobic core of staphylococcal nuclease was engineered by making the V23E and L36K substitutions. Buried individually, Glu-23 and Lys-36 both titrate with pK a values near 7. When buried together their pK a values appear to be normal. The ionizable moieties of the buried Glu-Lys pair are 2.6 Å apart. The interaction between them at pH 7 is worth 5 kcal/mol. Despite this strong interaction, the buried Glu-Lys pair destabilizes the protein significantly because the apparent Coulomb interaction is sufficient to offset the dehydration of only one of the two buried charges. Save for minor reorganization of dipoles and water penetration consistent with the relatively high dielectric constant reported by the buried ion pair, there is no evidence that the presence of two charges in the hydrophobic interior of the protein induces any significant structural reorganization. The successful engineering of an artificial ion pair in a highly hydrophobic environment suggests that buried Glu-Lys pairs in dehydrated environments can be charged and that it is possible to engineer charge clusters that loosely resemble catalytic sites in a scaffold protein with high thermodynamic stability, without the need for specialized structural adaptations.
electrostatics | internal charge | low-barrier hydrogen bond | dielectric constant | enzyme design P aired ionizable groups buried in hydrophobic environments inside proteins are an uncommon but essential structural motif necessary for H + transport (1), e − transfer (2), catalysis (3) (4) (5) , and other important biochemical processes. Despite their importance, the properties of these buried ionizable pairs are poorly understood because they are difficult to study experimentally in the proteins where they play functional roles. When the pair consists of a basic and an acidic group it is usually assumed to be charged, but this is often just speculation without direct experimental support (6, 7) . In principle, a Coulomb interaction between two ionizable groups of opposite polarity buried in a dehydrated environment inside a protein can be very strong, but this has not been established experimentally. Simulations suggest that buried ion pairs are always destabilizing (8) ; however, from an experimental perspective it is not known if the favorable Coulomb interaction would be sufficient to compensate for the unfavorable dehydration of the two buried charges or if the net effect of the pair on the thermodynamic stability of a protein would be stabilizing or not. These issues were examined in detail with an artificial ion pair buried in the hydrophobic interior of staphylococcal nuclease (SNase).
The buried ion pair was engineered by introducing the V23E and L36K substitutions in a highly stable form of SNase. The pK a values of Glu-23 and Lys-36 introduced individually are anomalous (pK a of 7.1 for Glu-23, ref. 9; and 7.2 for Lys-36, ref. 10) , consistent with the groups existing in hydrophobic environments that are neither as polar nor as polarizable as water (11) (12) (13) . Structural modeling indicated that the ionizable moieties of Glu-23 and Lys-36 could form a short-range interaction when buried simultaneously. Their similar pK a values were expected to facilitate H + transfer between the acidic and basic moieties. The main goals of this study were to determine the charge state of an internal pair of Glu-Lys residues, to examine how such a pair could affect its microenvironment, to measure consequences on thermodynamic stability of the protein, and by comparing the pair against the single-site substitutions, to evaluate the relative magnitudes of Coulomb interactions and dehydration energies. According to primitive, macroscopic electrostatics models, the transfer of an ion pair from water into a cavity with low dielectric constant is always unfavorable (Fig. 1) . In these models the favorable Coulomb interaction between the charges in the buried pair is never strong enough to offset the unfavorable self-energy experienced by the two buried charges. In some microscopic models, Coulomb interactions can be stronger than dehydration effects, but calculations with these methods are still suspect as they cannot reproduce self-energies reliably (14, 15) and tend to overestimate the magnitude of Coulomb interactions (14, (16) (17) (18) . The experiments that were performed test assumptions made in most continuum methods, including the idea that a pair of ionizable groups interacting at close range in a dehydrated environment can be treated classically as point charges without invoking some level of quantum mechanical treatment to account for polarizability and for the properties of a proton shared between acidic and basic moieties interacting over a short distance in a highly dehydrated environment (19, 20) .
Improved computational methods for structure-based electrostatics calculations are necessary for progress in molecular understanding of catalysis and other biochemical processes governed by acid-base chemistry. The physical insight gained
Significance
Charges buried in hydrophobic environments in proteins play essential roles in energy transduction. We engineered an artificial ion pair in the hydrophobic core of a protein to demonstrate that buried ion pairs can be charged and stabilized, in this instance, by a strong Coulomb interaction worth 5 kcal/mol. Despite this interaction, the buried charge pair destabilized the folded protein because the Coulomb interaction recovered the energetic penalty for dehydrating only one of the two buried charges. Our results suggest how artificial active sites can be engineered in stable proteins without the need to design or evolve specialized structural adaptations to stabilize the buried charges. Minor structural reorganization is sufficient to mitigate the deleterious consequences of charges buried in hydrophobic environments.
from the present study will help guide the development of more accurate structure-based calculations. The thermodynamic and structural data from this study will also constitute benchmarks useful for stringent testing and validation of structure-based calculations. Our results suggest a strategy for the evolution or engineering of enzymatic active sites capable of performing acidbase chemistry and proton pumping focused more on the use of a protein scaffold with high thermodynamic stability than on the manipulation of the microenvironments and chemical details needed to stabilize buried charge clusters.
Results
Crystal Structures. The crystal structures of the highly stable variant of SNase, Δ+PHS, used as background for this study and the L36K (solved previously in ref. 21 ), V23E, and V23E/L36K variants thereof are very similar. This demonstrates that the L36K and V23E substitutions had no detectable effect on the conformation of the protein ( Fig. 2 and Table S1 ). The side chain of Lys-36 in the L36K variant (obtained at pH 8) is extended and points into a microcavity in the hydrophobic core (22) . It is completely solvent inaccessible and surrounded by nonpolar atoms save for the carbonyl oxygen of Gly-20 3.5 Å away (Fig. 3B ). In the V23E variant (obtained at pH 6) the side chain of Glu-23 is also extended and completely solvent inaccessible (Fig. 3C) . One crystallographic water molecule occupies a small recess extending inwards between β-1 and α-1; an analogous water molecule was observed previously in the structure of the Δ+PHS protein (16) . Other than this semiburied water molecule, there are no polar atoms within 4.5 Å of either carboxyl oxygen of the Glu side chain, leaving several potential hydrogen bonds unsatisfied.
The structure of the V23E/L36K double variant (obtained at pH 8) is also very similar to that of Δ+PHS SNase. The conformation of the side chain of Lys-36 is identical in the presence and absence of Glu-23 ( Fig. 3 B and D) . The conformation of the side chain of Glu-23 is affected slightly by the presence of Lys-36, bringing Oe1 and Oe2 to within 3.2 and 2.6 Å, respectively, of the Nζ of Lys-36. Overall, the microenvironment surrounding the ionizable moieties of the pair was more polar than for the ionizable moieties of the ionizable residues buried individually. Two crystallographic water molecules interact with the ionizable groups when they are paired. One is buried deeply at a distance 2.8 and 2.5 Å from the Nζ and Oe1 of Lys-36 and Glu-23, respectively. The second water molecule is 3.1 Å from the Oe2 of Glu-23 ( Fig. 3D ). Minor rearrangements of the backbone carbonyl oxygen of Gly-20 and of the side chain hydroxyl group of Thr-62 allow these two groups to interact with the Lys-36 Nζ and Glu-23 Oe2, respectively.
Structural consequences of the V23E/L36K double substitution were also examined with circular dichroism, Trp fluorescence, and NMR spectroscopy, none of which showed any indication that the V23E/L36K double substitution had any detectable effect on the conformation of the protein (Table 1 and Figs. S1-S4).
pK a of Glu-23. Glu-23 in the V23E variant has a pK a of 7.2 ± 0.2 (9) . An attempt was made to use NMR spectroscopy (16) both to confirm this pK a by more direct measurement and to monitor changes in the chemical environment of Glu-23 upon ionization. In a correlation (CBCGCO) (16) spectrum of the V23E variant, an unusual resonance was observed that is not normally present in the spectrum of Δ+PHS SNase (Fig. 4) . The peak was in an unusual position for an Asp-Glu side chain, exhibiting an upfield chemical shift to 174 ppm in its Cδ resonance (Fig. 4) , far from the typical Cδ resonances of surface Glu residues, which range from 178 to 185 ppm depending on whether the group is neutral or charged, respectively (16, 23) . The Cγ resonance was ∼31.8 ppm, near the upfield limit of the normal range for Glu residues from 33 to 39 ppm. The new resonance was assigned to Glu-23. Intermediate exchange at pH > 6 precluded the monitoring of this resonance in the range of pH where Glu-23 titrated. The resonance did not reappear once Glu-23 was fully charged at high pH. The origin of this exchange behavior for this residue is not known. A similar behavior has been observed for other internal carboxyl groups in SNase variants (16, 24) . Although the pK a value for Glu-23 could not be measured directly by NMR spectroscopy, both its upfield chemical shift and exchange behavior upon titration are consistent with the Glu side chain being internal and having a pK a value >6, in agreement with the previously determined apparent pK a of 7.2.
An attempt was also made to measure the pK a of Glu-23 in the V23E/L36K double variant. The unusual resonance with the large upfield chemical shift observed for Glu-23 in the V23E variant was not present in the spectrum for the V23E/L36K variant. A single new peak was observed in the region of the CBCGCO spectra normally populated by the surface residues Glu-101 and Glu-122 (Fig. 4) . The Cγ and Cδ resonances were assigned chemical shifts of 36.4 and 179.8 ppm, respectively, within the range normally observed for surface Glu residues (16, 25, 26) . The new resonance was presumed to correspond to Glu-23 in the presence of Lys-36. Despite some moderate line broadening at neutral pH, the Cδ resonance of Glu-23 could be monitored at all pH values measured (Fig. 5A , Inset). The chemical shift was largely pH independent, undergoing a minor shift of ∼0.8 ppm between pH 6.5 and 4.3, considerably smaller than the normal Fig. 1 . Free energy for transfer of a charged pair from water into a dielectric cavity of variable dielectric constant e prot , calculated with a primitive continuum electrostatics model and dissected into contributions from dehydration and Coulomb energies. Dehydration energy (red) calculated with a Born formalism to describe the energy for the transfer of two charges of opposite sign, each of radius r ion = 1.75 Å, from water into the center of the spherical dielectric cavity of radius r cavity = 20 Å. Coulomb interaction (blue) between the two charges separated by a distance r ij = 3.5 Å, calculated with Coulomb's law relative to the Coulomb energy in water (e prot = 80). Total transfer free energy (black) for moving the ion pair from water (e w = 80) into the center of the cavity, is calculated as a function of e prot , the dielectric constant of the cavity. Fig. 2 . Stereoview of crystal structures of the V23E/L36K (white; PDB ID code 3NHH), V23E (pink; PDB ID code 3QOL), and L36K (blue; PDB ID code 3EJI) (21) variants of the Δ+PHS form of SNase, overlaid on the structure of Δ+PHS used as reference (green; PDB ID code 3BDC) (16) . Side chain atoms for Glu-23 and Lys-36 in the Δ+PHS/V23E/L36K variant are shown as balls-and-sticks. chemical shift change of the Cδ of a titrating Glu residue, which ranges from 3 to 5 ppm (23) . Small shifts of the order of ∼1 ppm usually result from the titration of another ionizable group coupled to the residue being monitored (16) . For Glu-23 in the V23E/L36K variant, this secondary titration likely reflects the titration of the nearby Asp-21. The NMR experiment is consistent with Glu-23 in the V23E/L36K variant being charged over the entire range of pH studied.
The pK a values of surface Glu and Asp residues in the V23E/ L36K variant were also monitored to determine if they were affected by Glu-23 directly through a Coulomb interaction or indirectly through conformational reorganization. It was impossible to measure complete titration curves for surface Asp and Glu residues because the protein begins to acid unfold in the pH range 4.5-4.0 (Fig. S5) , the pH range where surface Asp and Glu residues begin to titrate. However, visual inspection of the pH dependence of the Cγ/Cδ resonances of the other Asp and Glu residues suggested that the carboxylic groups had pK a values comparable to those measured previously in the highly stable Δ+PHS form of SNase (Fig. S6) . The data confirmed that the chemical environments of the surface carboxylic groups were not perturbed by the presence of the internal Glu-23 or Lys-36. The sole exception was Asp-21, which normally titrates with an elevated pK a of ∼6.5 in Δ+PHS (16), but had a pK a of 6.3 ± 0.1 in the V23E variant and of 5.9 ± 0.1 in the V23E/L36K variant (Fig. 5) .
Thermodynamic Stability. The thermodynamic stability ðΔG 8 H2O Þ of the V23E/L36K variant was determined at pH values between 4.5 and 10.0 in increments of 0.4-0.5 pH units (Table 1 and  Table S2 ). Usually the anomalous pK a values of internal ionizable groups can be measured by fitting Eq. 1 to the difference in stability, ΔΔG In this equation ΔΔG 8 mut refers to the pH-independent free energy for substitution of both ionizable residues at a hypothetical pH where both groups are neutral. The right-most term reflects the coupling of the pH-dependent shift in pK a values to the transition between native (N) and denatured (U) states. pK a values in the N and U states can be extracted from the characteristic shape of the pH dependence of ΔΔG 8 H2O (11, 12) (Fig. 6) . In chemical denaturation experiments, the unfolding transition of the Glu-23-Lys-36 double variant exhibited apparent two-state behavior at all pH values, with a ΔG 8 H2O near 2.6 kcal/mol between pH 6 and 9 and lower values outside this range (Fig. 6A) . The ΔΔG H2O;Δ + PHS , was largely pH independent. The minor pH dependence below pH 6 is within error of the ΔΔG measurement and could reflect the minor shift in pK a of Asp-21. The most striking feature of the ΔΔG 8 H2O vs. pH profile for the V23E/L36K double variant is the absence of the characteristic pH sensitivity expected from a protein that has ionizable groups with anomalous pK a values (Fig. 6B) .
The net coupling energy (ΔΔG int ) between Glu-23 and Lys-36 was estimated with a double mutant cycle (27) :
[2]
ΔΔG int was found to be stabilizing by 2.5-5 kcal/mol in a pHdependent manner (Fig. 6B) . At pH 7, ΔΔG int is 5 kcal/mol. As the pH approaches the pH corresponding to the model pK a of 4.4 for Glu in water (10.4 for Lys), ΔΔG int reflects the energy of offsetting the shift in pK a of Lys-36 (Glu-23) alone. Although the ΔΔG int values cannot be interpreted as arising solely from a Coulomb effect, its magnitude demonstrates that a strong stabilizing interaction was established between Glu-23 and Lys-36 11.9 ± 0.1
2.6 ± 0.4 7.2 ± 0.6 −9.3 ± 0. when these two residues were buried together. Note that in the crystal structure, the geometry of the Glu-Lys pair is not ideal for the establishment of a hydrogen bond (Fig. 2) .
Discussion
A systematic study of ionizable groups in the hydrophobic interior of SNase showed that internal Glu, Asp, Lys, or Arg destabilize the native state by 1.2-12 kcal/mol at pH 7 (9, 10, 28, 29). Most of these Glu, Asp, and Lys residues titrate with anomalous pK a values shifted by as much as 6 pH units (9, 10).
The pK a values of these buried ionizable groups describe quantitatively the range of self-energies sampled by ionizable groups in different microenvironments in the protein interior. If the presence of even a single ionizable group buried in the hydrophobic interior of a protein can be so highly destabilizing, it is not obvious how a protein requiring more than one internal ionizable group for functional purposes can have a stable folded state, unless the dehydration experienced by buried ionizable groups can be at least partly compensated through favorable Coulomb or hydrogen-bonding interactions between them or through structural reorganization to solvate the buried ion pair. One of the goals of this study was to move beyond our previous studies of self-energies, to examine experimentally the relative magnitudes of Coulomb and self-energies in the hydrophobic interior of a protein (9, 10).
Charged State of the Buried Glu-Lys Pair. The pK a value of Glu-23 in the presence of Lys-36 could not be measured directly with NMR spectroscopy, but the lack of pH sensitivity in the ΔΔG vs. pH curve for the V23E/L36K double variant suggests that either the pK a values of Glu-23 and Lys-36 are ≤4.4 and ≥10.4, respectively, (i.e., the Glu-Lys pair is charged) or the less likely interpretation that the pK a values Glu-23 and Lys-36 are ≥10.4 and ≤4.4, respectively (i.e., the Glu-Lys pair is neutral) and that they destabilize the protein by equal and cancelling amounts because of opposite pH dependencies. The V23E or L36K single substitutions were highly destabilizing throughout the entire pH range studied. In contrast the V23E/L36K double variant was much less destabilizing than expected from the behavior of the individual V23E or L36K substitutions. At pH 3.9 and 10.4, where Glu and Lys, respectively, are mostly neutral in water, the V23E and L36K substitutions, when made individually, destabilized the protein by 4.4 and 3.4 kcal/mol, respectively (9, 10) . If the substitutions were additive, the nonelectrostatic contribution to destabilization of the V23E/L36K double variant would be 7.8 kcal/mol. At other pH values the stability of the proteins with either V23E or L36K substitutions is affected significantly by a pH-dependent contribution originating from shifts in the pK a values of the buried ionizable groups (Fig. 6) . At pH 7 the V23E Interplay Between Coulomb and Self-Energies. At pH 7 the V23E/ L36K double variant is 4.9 kcal/mol more stable than it should be if the effects of the V23E and L36K single variants were additive (Fig. 6) . This difference is greater than the cost of ionizing either of the two groups in the protein interior at this pH (2.6 kcal/mol for the V23E substitution and 3.8 kcal/mol for L36K). It appears that once a charge has been created in the hydrophobic environment of the protein, the cost of creating a second charge to establish a favorable ion pair is small. Both the crystallography and NMR spectroscopy data suggest that any reorganization resulting from making both the V23E and L36K substitutions is very minor; therefore, the total cost of ionizing the internal pair was estimated to be on the order of 1.5 kcal/mol (ΔΔG . This suggests that the interaction between Glu-23 and Lys-36 is strong, close to 5 kcal/mol, but not sufficiently strong to compensate for the dehydration of both Glu-23 and Lys-36.
No Evidence for a Low-Barrier Hydrogen Bond. Interpretation of the equilibrium thermodynamic data in terms of the presence of a charged pair in the interior of the protein is complicated by the possibility of an unusual hydrogen-bonding arrangement in which the charged and the neutral form of the pair are in barrierless exchange. Glu-23 and Lys-36 meet all of the conditions invoked for low-barrier hydrogen bonds (LBHBs): in the absence of each other they have matched pK a values, they are close (2.6 Å) and protected from bulk water by the relatively hydrophobic environment of the protein (30, 31 ). An LBHB is a system described by a double-well configuration (B···HA and B + H···A − ) wherein the height of the barrier between the wells is sufficiently low to allow the proton to move freely between the hydrogen bond donor and acceptor (A···H···B). LBHBs are thought to be sufficient to rationalize catalysis by virtue of being able to contribute as many as 20 kcal/mol to the stabilization of transition states (30) (31) (32) , an interpretation that is not without controversy (33) . In the present case the NMR spectroscopy experiments that were performed offer no insight into the state of the Glu-23-Lys-36 pair. However, the measured coupling free energy from the interaction between the ionizable residues in the pair is of the order of 5 kcal/mol at pH 7, far less than the 20 kcal/mol invoked for LBHBs (30, 31) . One reason the coupling energy is lower than expected is that Glu-23 and Lys-36 in the single variants are buried in what is normally a highly hydrophobic region of SNase, but when buried as a charged pair, their microenvironment become considerably more polar. It is possible that a truly hydrophobic microenvironment sufficient to achieve the conditions invoked for LBHBs cannot be preserved in the presence of a buried charged pair. The other reason Glu-23 and Lys-36 in SNase cannot establish an LBHB is that the geometry is unfavorable.
Origins of the High Apparent Dielectric Constant. When Glu-23 and Lys-36 are introduced alone the ionizable moieties are buried in highly hydrophobic microenvironments. When in the neutral state, neither group alters its microenvironment. When introduced together, Glu-23 and Lys-36 deform their environment in a subtle manner, such that the ionizable moieties end up in a relatively polar environment that behaves as having dielectric properties comparable to those of a material with a relatively high dielectric constant. This deformation is evident in the crystal structure of the V23E/L36K double variant: (i) the backbone carbonyl of Gly-20 moved slightly to hydrogen bond with the Nζ of Lys-36, (ii) the side chain of Thr-62 exists in multiple rotameric states allowing it to hydrogen bond to Glu-23 or Gly-20, and (iii) there are two deeply buried water molecules that hydrate the Glu-Lys pair, one of which has a potential to form a single-file water chain linking the internal paired groups with bulk water. This "water wire" could constitute a conduit whereby H + can move between the internal pair and bulk water. Overall, the data suggest that although the Glu-23-Lys-36 pair is deeply buried in the protein, it is well solvated by internal water molecules and by the reorganized protein microenvironment. The overall effect is to stabilize the Glu-23-Lys-36 pair in the charged state.
Preorganized vs. Reorganization. The energy required to ionize an individual basic or acidic residue buried in the hydrophobic interior of SNase, calculated from the measured pK a values of ionizable groups buried at 25 internal positions, ranges from 1.5 to 6.9 kcal/mol (9, 10) . It has been suggested that naturally occurring, internal ionizable groups are stabilized by preorganized environments in which dipoles and other charges offset the unfavorable dehydration energy by behaving as materials with relatively high dielectric constants (3) (4) (5) . The successful introduction of the Glu-23-Lys-36 pair into the hydrophobic interior of SNase demonstrates that not one, but two ionizable groups can be introduced into the interior of a protein without requiring preorganization of the site. The Glu-23-Lys-36 pair appears to be stabilized by unavoidable contacts with internal protein dipoles and internal water molecules that are more a consequence of reorganization than of preorganization. The slight differences between the crystal structures of the Glu-23-Lys-36 variant and those of the single variants or the reference Δ+PHS protein provide an indication of the subtle structural reorganization that facilitates favorable interactions between the buried charge pair and permanent dipoles of the protein. These small structural changes lead to favorable interactions that, collectively, lower the overall energy of the short ionic bond between Glu-23 and Lys-36.
Ion pairs in hydrophobic environments have been studied previously. The interaction between the buried His-31-Asp-70 pair in T4 lysozyme was also found to be stabilizing (34) , whereas in the Arc repressor the interactions within the buried Arg-GluArg triad were destabilizing (35) . The discrepancy between the properties of different buried charge pairs and clusters could be explained in part by the methods used to measure the Coulomb contribution of the ion pairs (36) . Alternatively, these discrepancies might reflect the fact that although internal ion pairs may destabilize a protein overall, the net Coulomb interaction might be stabilizing relative to either a charge-dipole or dipole-dipole interaction. Note, however, that although the ion pairs in the T4 lysozyme and in the Arc repressor are referred to as being buried, they are both partially solvent exposed, and at least one of the ionizable groups had some contact with bulk water. The properties of ion pairs that are completely buried and secluded from bulk water can, in principle, be quite different from those of interfacial ion pairs that contact bulk water. Warshel has already noted that the polarity of the microenvironment surrounding the buried ion pairs can be the dominant factor that determines if the buried ion pair has a net stabilizing or destabilizing influence on the protein, and that alone might explain differences between the different internal ion pairs (37) .
Implications. The buried Glu-Lys pair allowed a quantitative description of the balance between self-energy and Coulomb interactions experienced by interacting charges buried in a hydrophobic environment in a protein. These data constitute stringent benchmarks useful to test the ability of structure-based calculations to reproduce pK a values of internal ionizable groups for the right physical reasons, with the magnitudes of Coulomb and self-energy contributions balanced correctly. Warshel and a colleague have suggested that it is physically inappropriate to calculate these two different types of energy terms in continuum electrostatics models using a single value for the protein dielectric constant (14) . The data from this study will allow an unprecedented, direct test of this idea.
The factors that govern the properties of the artificial, buried Glu-Lys pair are the same ones that govern the properties of ionizable groups in the active sites of enzymes (38) (39) (40) . Therefore, the successful engineering of a Glu-Lys pair in the hydrophobic interior of a highly stable form of SNase is also significant because it constitutes an empirical demonstration that buried ion pairs and charge clusters resembling enzymatic active sites can be engineered in the hydrophobic interior of a scaffold protein. It demonstrates that in a protein with an inherently high thermodynamic stability, it is possible to bury multiple ionizable residues without the need for specialized structural adaptations to accommodate them. It appears that the inherent conformational flexibility of proteins, water penetration into the core, the unavoidable presence of backbone polar atoms, and favorable Coulomb interactions are sufficient to stabilize a charge cluster buried in the relatively dry protein interior. This study provides a clear demonstration that one of the most important factors that has to be considered in rational design or evolution of novel enzymatic active sites is the need for a high thermodynamic stability sufficient to allow the protein to withstand the unavoidable, destabilizing consequences associated with the presence of ionizable residues in hydrophobic environments (41) .
Methods
All variants were engineered using a highly stable variant of SNase (Δ+PHS) using protein purification and molecular cloning techniques described previously (12) . Crystal structures of Δ+PHS/V23E and Δ+PHS/V23E/L36K were solved by molecular replacement using Δ+PHS (Protein Data Bank ID code 3BDC) (16) as a search model and iterative model building was performed using Refmac5 (42) and Coot (43) . NMR data were collected on a Bruker Avance II-600 equipped with a cryoprobe, and spectra were processed and analyzed with NMRPipe (44) and Sparky (45), respectively. Trp fluorescence and CD 222nm data were collected with an Aviv Automatic Titrating Fluorometer 105 and an Aviv CD spectrometer model 215, respectively, as described previously (9) . For detailed methods, see SI Methods.
